STM Studies of Isolated Mn 12 -Ph Single Molecule Magnets 
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We study Mni20i2(C6H5COO)i6(H20)4 (Mni2-Ph) single-molecule magnets on highly ordered pyrolytic 
graphite (HOPG) using low temperature scanning tunneling microscopy (LT-STM) experiments. We report 
Mni2-Ph in isolation, resembling single molecules with metallic core atoms and organic outer ligands. The 
local tunneling current observed within the molecular structure shows a strong bias voltage dependency, which 
is distinct from that of the HOPG surface. Further, evidence of internal inhomogeneity in the local density of 
states has been observed with high spatial resolution, and this inhomogeneity appears to be due to localized 
metallic behavior. These results facilitate magneto-metric studies of single molecule magnets in isolation. As 
compared to bulk crystal studies, our experiments allow the specific investigation of atomic sites in the molecule. 

This is a preprint of an article submitted for consideration in Spin © 2012 World Scientific Publishing Com- 
pany. 



I. INTRODUCTION 

The Mn 12 12 (C 6 H 5 COO)i 6 (H 2 0)4 (Mn 12 -Ph) single- 
molecule magnet consists of twelve manganese ions, four 
Mn 4+ ions and eight Mn 3+ ions, which are ferro/anti-ferro- 
magnetically coupled via oxygen bridges, forming a large 
net spin (S = 10 in the ground state). Sixteen phenyl 
ligands surround the core, determining the intrinsic minimal 
spacing between the magnetic molecules, thus suppressing 
the magnetic interaction between themfU [JJ. This class of 
molecules is attractive for fundamental studies as well as 
for device applications because of the intriguing magnetic 
characteristics, the weak intermolecular magnetic interaction, 
and the expected electronic response in the presence of 
an applied magnetic field|3]. The more commonly studied 
member of the Mni 2 family has acetate ligandsQ. We are 
purposefully using phenol ligand substituted molecules to 
facilitate electronic contact with the highly ordered pyrolytic 
graphite (HOPG) substrate. 

Addressing individual magnetic molecules without damag- 
ing their structure and functionality is an essential prerequisite 
for true molecular-level studies and device developmental . 
However, in spite of the substantial efforts to organize mag- 
netic molecular materials and to increase the sensitivity of 
measurement techniques, it is not established if individual 
molecular units isolated on a surface are unaltered from 
their bulk configuration! 5 ] . Recently, scanning tunneling mi- 
croscopy (STM) has been successfully utilized to identify sev- 
eral supramolecular metal ion assemblies deposited on HOPG 
surfaces at room temperature. The metal centers in the assem- 
blies, such as Fe, Co, Cu and Mn, are recognizable as evident 
'bright' spots in two-dimensional scanning tunneling spectro- 
scopic (STS) images|5]. This is because of significantly en- 
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FIG. 1: Magnetization of Mni2-Ph powder sample as a function 
of applied magnetic field at different temperatures, 1.8 K < T < 
10 K. The measured magnetization have been normalized to the sat- 
uration value (M s ^0.22 AM 2 ) to remove sample size dependence 
but the data has not been renormalized to remove the effect of the 
polymer sample container. 



hanced tunneling currents increasing near the metal centers. 
The STS image-based approach provides the spatial location 
and arrangement of the core elements of the molecule under 
the STM tip which is a crucial clue to confirming the internal 
electronic structure of the molecule dynamically while also 
observing the arrangement of the local topological configu- 
ration with atomic resolution. The latter will be an important 
feature, particularly in any spin-polarized tunneling studies, to 
understanding the magnetic connectivity of the spin network 
within the magnetic cluster. In this paper, we present the STS 
image-based approach to identify Mni 2 -Ph single-molecule 
magnets deposited on a HOPG surface, by a solution evapo- 
ration technique, and a high resolution low temperature scan- 
ning tunneling microscopy (LT-STM) based approach to study 
the interior structure of the Mni2-Ph. 
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II. EXPERIMENTAL PROCEDURE 

In order to prepare a sample for the STM study, con- 
centrated Mni2-Ph solutions were created by dissolving 
the original Mni 2 -Ph powder material in benzene. Various 
concentrations were studied (~ 0.02 to ~ 200 mM) in an 
effort to have a dense enough surface to assure observation 
of molecules with the STM tip after a short search but still 
dilute enough to obtain significant numbers of individual 
molecules in isolation on the surface. Magnetization curves 
(DC Hysteresis) of micro-crystalline powder (non-solvated) 
were measured as a function of applied magnetic fields 
(\H\(T) < 6 T for 1.8 if < T < 10 K) using a Quantum 
Design SQUID magnetometer and were taken across a range 
of temperatures (Fig. 1). Samples were prepared for SQUID 
magnetometry by measuring small amounts of freshly pro- 
duced micro-crystalline powder of Mni 2 -Ph and placing them 
in a sample container affixed to a cold finger for insertion 
into the SQUID. Since the magnetization data for the graph 
(vertical axis) is dependent on the sample mass, dividing by 
the saturation magnetization measurement yields a unit-less 
result which is sample size and mass independent, allowing 
for easier comparison to other data for different samples 
and similar molecules (i.e. Mn^-AcQ). There is a known 
aberration in the graph due to a polymer sample container, 
which has not been subtracted from the data presented. In the 
blocked state, below 3. OK, steps in the hysteresis curves were 
observed, as expected(9l [TO) . 

Samples were produced by dropping a small (~ 1 /iL) 
droplet of ~ 0.2mM solution of Mni 2 -Ph in Benzene via 
pipette onto freshly cleaved (in ambient conditions) HOPG 
substrates. After drying, the samples were loaded into the 
LT-STM system for observation at ~ 80 if and ~ 4.9 if. 
Once a molecule was located on the surface the tunneling 
conditions were altered to acquire, in the range of ±1 V, 
tunneling current vs. voltage (I-V) data for each point in a 
128 x 128 grid in a given topographic region near several 
molecules at ~ 4.9 K (Fig. 2). In addition, manually altering 
the tunneling conditions and then taking STS data of only 
selected points assured that both broad trends and specific 
behaviors were studied. 

Typical experiments reported here using high resolution LT- 
STM to resolve structures internal to the molecule perimeter 
used the sample preparation method described above. Fig. 3 
shows a representative result from these studies. This method 
of sample preparation, however, did not provide homogeneous 
films of isolated molecules in significant density. The sample 
preparation method was therefore altered in an effort to pro- 
duce samples with more consistent and denser coverage of 
isolated molecules using a common techniqu d[T3ll . For this, a 
~ 100 mM of Mn i2 -Ph in benzene solution was sprayed into 
vacuum (~10 -7 torr) to selectively deposit the Mni 2 -Ph onto 
HOPG which had been freshly cleaved. The solvent which 
has a significantly lower molecular weight that the Mni 2 -Ph 
molecule is preferentially pumped away during the deposition 
process. High resolution STM images of Mni 2 -Ph molecules 
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FIG. 2: Two-dimensional current mapping obtained at a location in- 
cluding an isolated object at three different bias voltages, —600 mV 
(a), +400 mV (b), +800 mV (c) Tunneling current (pA) with re- 
spect to bias voltage (V) measured at two locations marked by ar- 
rows (d). Scan size: 4.5 x 4.5 nm 2 . STM chamber temperature: 
-4.9 K. 



on the surface show distinct internal features which appear 
qualitatively similar across different locations and on differ- 
ent samples. In Fig. 4 the XY resolution is 0.195 nm per pixel 
and the total Z between white and black covers a range of 
1.99 nm. 



III. RESULTS 

We compare our STM results to those in the literature for 
related molecules in the Mni 2 family and have quantitatively 
(size, general profile, and bias dependence) similar resultsEl 
in our topographic images, although we are comparing related 
(not identical) molecules. We achieve lower densities of iso- 
lated molecules on the surface than have been reported using 
electro-spray deposition or solution spray deposition|[T2l [T3l 
.The care taken with the surface and solvated molecule 
solution introduced to the surface implies that the observed 
objects are either related to the solvent or the solvate (or some 
combination of both). The size of the objects coupled with 
the local density of states (LDOS) behavior of the interior of 
the moleculesJU indicates that the molecule-like objects are 
metal-centered large molecules. Control experiments were 
performed using clean (freshly cleaved) HOPG substrates 
with no solvent or molecules deposited, and also HOPG 
substrates with only solvent (benzene) added, for each sample 
preparation method. No comparably- sized molecule-like 
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FIG. 3: An STM topography image of molecular objects isolated on 
a HOPG surface at - 4.9 Kand V B = -500 mV. Inset: Height 
profile with respect to displacement along the vertical (red) line. The 
horizontal (black) line is a scanning artifact. 
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FIG. 4: Topographic image is from a lOnmxlOnm STM image at 
^80 K of a molecule like feature with panels (a), (b), and (c) overlaid 
over part of the topographic image. Subfigures (a), (b), and (c) are 
height profile plots with respect to displacement along the indicated 
lines. 



objects were observed in the control experiments. The bias 
evolution dependent behavior indicated that the molecules 
are physisorbed to the surface, as expected. Coupled with 
the control experiments this indicates that the objects are not 
surface defects. 

We have evaluated the results of our bias evolution 
experiments. Characteristics of Mni2-Ph on HOPG show 
distinctly different I-V behavior when compared to the 
graphite background. As can be seen in Fig. 2, the I-V 
behavior for what are nominally the same XY locations 
are distinct at different bias voltages and diverge from the 



behavior of locations on the HOPG substrate. We observe 
several distinct behaviors in the I-V curves from locations 
within the molecule's perimeter via our STS studies. None 
of the internal features show a purely metallic behavior, but 
all of the points inside the perimeter of the molecule behaved 
more metallicaly, when compared to the HOPG background 
locations. These findings are consistent with the behavior of 
similar organo-metallic cluster molecules) 5]. The observed 
bias dependence for these molecules implies that they are 
physisorbed to the surface which leads to difficulties in 
maintaining consistent tip conditions during imaging. This 
difficulty in maintaining stable tunneling conditions explains 
scanning artifacts like the horizontal line in Fig. 3. Further, 
we notice that not all portions of the molecule have the 
same bias dependence across the range of evolution; this is 
consistent with the reported behavior of other organo-metallic 
cluster molecules) 5 ] . 



STS data are comparatively low resolution compared to the 
LT-STM images. This is due to the length of time required 
to perform complete bias spectra at each point, even in a re- 
stricted range (±1 V). Several spectra must be taken for each 
point to arrive at an average. This long time period requires 
a correspondingly lower spacial resolution. Our high reso- 
lution LT-STM images are 512x512 pixels regardless of the 
scale of the image. Similarly, our STS images are 128x128 
pixels while covering the same spatial area. Some of the in- 
homogeneity of the interior of the molecules can be lost to 
this pixelation, but the technique returns complete bias spec- 
tra for each point in the image. Conversely, high resolution 
STM images can be taken much more quickly (which limits 
how much the tunneling conditions can change in any single 
image frame) but only capture the behavior at a single bias 
voltage for every image. This makes it impractical to simulate 
STS through altering the bias voltage of the tunnel junction 
to complete our ±1 V bias range due to the similar time con- 
straints as using STS with higher image resolution. STS can 
be done for specific points, and STM can be taken at or near 
particular bias voltages to explore the behavior of the Mni2- 
Ph on the surface. The are alternative implementations of the 
same basic tunneling experiment. By focusing each imple- 
mentation where it is most useful we can receive complimen- 
tary results. Within the high resolution STM topographic im- 
ages, we see distinct clusters within the outer perimeter of the 
molecule. These clusters appear in distinct geometries which 
can be compared to DFT simulations and models of landing 
configurations. The qualitative similarity of the location and 
conformation of these clusters across different molecules on 
the sample surfaces indicates that we are observing the metal- 
lic atoms in the core of the Mni 2 -Ph molecule. We expect to 
improve resolution as we progress to lower temperatures. At 
~ 80 K we think we already have sufficient XY resolution 
to distinguish metallic atoms (namely Mn) of Mni2-Ph, and 
we are working on modeling of landing orientations and DFT 
simulations to compare to. 
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IV. DISCUSSION 

Mni2-Ph is not the most commonly studied from the Mni2 
family of molecules, but the relative ease of changing func- 
tional (or inert) organic ligand groups is an added incentive for 
studying the family of molecules for later adaptation to appli- 
cation. The two experimental approaches described, while ex- 
plained separately, are complimentary and serve to explore the 
electronic structure of isolated Mni2-Ph on HOPG while be- 
ing capable of observing the interaction of the molecule with 
the substrate. We have shown Mni2-Ph in isolation and the re- 
sults resemble those reported for single molecules with metal- 
lic core atoms and organic outer ligandsJU. The local tunnel- 
ing current observed within the molecular structure shows a 
strong bias voltage dependency, which is distinct from that of 
the HOPG surface in its inhomogeneity as well as its tendency 
towards more metallic behavior. The I-V curves from differ- 
ent locations have been studied inside the molecule as well as 
outside the molecule in locations corresponding to the sub- 
strate and with different tunneling conditions (temperature, 
tunneling current, bias voltage). Evidence of internal inhomo- 
geneity in the LDOS has been observed with high resolution 
and is likely the result of localized metallic behavior (due to 
the Mn atoms). 



V. CONCLUSION 

We have shown that through two different sample prepa- 
ration methods we can study isolated Mni2-Ph on HOPG 
via LT-STM. This work consists of two main thrusts, bias 
evolution STM studies and STS studies. STS allows us to 



have I-V data for every point in our topographic image at 
the expense of limiting topographic resolution. A systematic 
study of the I-V behavior of background locations compared 
to locations interior to the perimeter of Mni2-Ph is ongoing. 

Combining the two related experimental techniques (STM 
and STS) allows us to study localized behaviors as well 
as compare the overall behavior of different molecules in a 
broader context. By studying both the internal inhomogene- 
ity in the LDOS as well as the larger (physical) scale of the 
molecule compared to the substrate we can study the inter- 
action with the surface as well as the internal interactions of 
the molecule during tunneling events. The studies reported 
here are at ~ 80 K and ~ 4.9 K, while the planned operat- 
ing conditions are at lower temperatures (below the blocking 
temperature, ~ 3 K), and will explore the magnetic depen- 
dence of the LDOS. We expect better resolution of internal 
features at lower temperatures, and to observe spin dependent 
tunneling events at the molecular scale. With resolution of 
individual manganese atoms within the molecule we will for 
the first time be able to compare with our DFT simulations as 
well as the reported phenomena in larger crystals^ [Toll. 
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